Ensemble averaging experiments may conceal many fundamental molecular interactions. To overcome that, a high-throughput detection of single molecules or colloidal nanodots is crucial for biomedical, nanoelectronic, and solid-state applications. Onedimensional (1D) discrete flow of nanoscale objects is an efficient approach in this direction. The development of simple and cost-effective nanofluidic devices is a critical step to realise 1D flow. This letter presents a nanofabrication technique using shadow-angle-electron-beam-deposition for a high-throughput preparation of parallel nanofluidic channels. These were used to flow and detect small fragments of DNA, carbon-nanodots, and organic fluorophores. The 1D molecular mass transport was performed using electro-osmotic flow. The 1D flow behaviour was analysed using twofocus fluorescence correlation spectroscopy (2fFCS). A range of flow velocities of single molecules was achieved -from 15 µm/s to 290 µm/s. The transitions of single 1 arXiv:1702.03992v1 [physics.bio-ph]
nanofluidic devices comprising arrays of nanochannels with diameters less than hundred nanometres have become significant for bioanalytical diagnostics applications, such as DNA optical mapping, [5] [6] [7] [8] single virus and nanoparticle detection. [9] [10] [11] [12] [13] [14] Nanochannels are useful tools allowing systematic studies of entities from single molecule to viruses over long periods of time. It can induce 1D fluidic confinement by suppressing the thermal motions in two directions.
The primary problem is to establish a simple and efficient way of nanofabricating 1D nanofluidic channels. Different methods have been published, which described the fabrication processes of such nanofluidic devices. [18] [19] [20] [21] [22] However, majority of them are technically challenging, costly, and not easily applicable for high-throughput production. Hence, we present a cost-effective and simple nanofabrication technique based on electron beam lithog-
raphy (EBL) and shadow-angle-electron-beam-deposition (SAEBD).
The nanochannels were used to detect a flow of photoluminescent nanomaterials, such as small DNA molecules labelled with single organic fluorophores, carbon nanodots (CND), 23 and pure organic fluorophores. Using two-focus fluorescence correlation spectroscopy (2fFCS), [24] [25] [26] [27] we recorded the transits of single molecules or nanodots through the nanochannels, and quantitatively analysed their flow velocities. Here, the detection regions were two diffraction limited focal spots with a lateral displacement of 400 nm. To ensure 1D tranport between the two foci, the diameter of the nanochannels should be smaller than the focal diameters.
The nanochannels presented here have diameters ranging from 30 nm to 100 nm, which are smaller than the focal diameter.
The process steps to create an enclosed nanochannels involve -nanofabrication of open nanochannels using EBL and RIE and enclosing them using SAEBD. The ballistic path of the electron beam (e-beam) assisted evaporation 28 is the principle behind SAEBD. When a straight beam of depositing material hits onto an open nano-trench at shallow incident angles, no deposition occurs in the shadowed region. 29, 30 Such deposition can enclose a large number of parallel nanochannels (depending on the e-beam diameter) leaving the shadowed region as the fluidic path of interest. The process is unaffected by nanometre sized leftover residues of the e-beam resists and does not require an atomically clean surface, unlike any wafer bonding process. 31 For optical reasons, the final nanochannels were prepared using pure silicon dioxide. Being an insulator silica contributes to surface charging under e-beam which affects EBL and SEM. EBL and SEM induced surface charges were compensated using a thin-film of gold. Here we show the SAEBD process using silicon to obtain high resolution electron microscopy images of the intermediate steps. Figure 1a shows a schematic flow-chart of creating nanochannels on [100] silicon wafers.
The width of the nano-trenches (i.e. the final width of the enclosed nanochannels) can be optimised by the e-beam exposure of the EBL to the positive e-beam resist. Different widths of nano-trenches were created ranging from 30 nm to 100 nm. In Figure 1b we observe nano-trenches of such widths, 65 nm and 100 nm. The nanolithographed e-beam resist acted as a mask for RIE to etch the final nano-trenches on silicon. The depth of the nano-trenches was investigated with AFM as 35 nm to 40 nm.
In the next step, SAEBD was used to enclose the nano-trenches to create enclosed nanochannels. Figure 1c schematically explains the concept of the SAEBD process. A high-energy e-beam (bent with magnet) sublimates the material which deposits onto the substrate. Figure 1d schematically explains the role of deposition angle (θ). The shadowed region is created due to the angular depositions. This region is unexposed to the depositing material. The deposited region and shadowed region are colour coded red and yellow, respectively. In the time evolution schematic, the SAEBD leads to enclosing the nano-trenches leaving apart a void. By decreasing θ, one can increase the hypotenuse. At an acute angle close to 0 • , the hypotenuse becomes nearly parallel to the base as shown in Figure 1e -h. • . i. FIB cross-section of the enclosed nanochannels. Two layers of platinum were used to protect the nanochannel form high energy ions. j. Magnified view of the enclosed nanochannel, where Si-1 is the silicon substrate on which nano-trenches were fabricated, Ti-2 is the 50 nm thick titanium layer which was used in SAEBD, Pt-3 and Pt-4 were platinum deposited inside FIB. k. Further magnified view of the nanochannel where '1' represent silicon (Si-1) and '2' represent titanium (Ti-2). deposition stage is difficult for an acute angle close to 0
• . Nevertheless, satisfactory results were obtained using θ = 45
• as shown in Figure 1i -k. 60 nm titanium was deposited on the open nano-trenches at an angle of 45
• with a deposition rate of 1Å/s at a pressure of 2 × 10 −6 mbar. We predict that at an angle 30
• one can prepare high-quality flat edge.
We used FIB to cross-section the produced nanochannels for characterisation. To avoid ion beam induced damage, the top part of the region to be milled was protected with metallic thin-film layers. We deposited two thin-films on the top surface of the enclosed nanochannels. The second layer is the 45
• SAEBD-ed titanium (Ti-2) layer. The third and fourth layersPt-3 and Pt-4 are platinum layers of 100 nm and 450 nm, respectively -acted as protective layers to avoid FIB induced damage. Pt-3 and Pt-4 were deposited using FIB, which have no relation to the SAEBD process. In Figure 1k , we observe the magnified cross-section of an enclosed nanochannel. Here, '1' and '2' refer to Si-1 and Ti-2 layers, respectively. As speculated, the non-conformal SAEBD growth of titanium thin-film produces a well defined flat encloser of the nanochannel. A 60 nm of titanium SAEBD at 45
• angle should produce a vertical thickness of 51 nm. In Figure 1j , the vertical thickness of the titanium film is 47.8
nm. Considering the uncertainty of few nanometres deposition thickness, this agrees well with our expectation.
After this proof of principle experiment with titanium, fused silica based nanofluidic devices were prepared. Here, 5 nm of gold thin-film was sputter coated prior to spin-coating e-beam resist on the silica wafer. Monte-Carlo simulations were performed to optimise gold thin-film thickness in order to reduce charging effect of silica under EBL. Fused silica based nano-trenches were enclosed with SAEBD using silicon dioxide at 45
• .
The design of the silica based nanofluidic device to perform single molecule experiments is schematically illustrated in Figure 2a . It has two reservoirs with gradual decrease of lengthscale from milli-scale to microscale and finally, the nanometre-sized channels. Two milli-scale reservoirs were used as inlet and outlet. These two inlets were sand blasted on silica wafers using 70 µm silica particles prior to nanofabrication process. The microscale reservoirs with the same thickness of nanochannels and micrometre width were etched with RIE. In the Figure 2a , the white regions and blue regions are milli-scale and microscale reservoirs, respectively (Supporting information Figure S1 and S2). The red stripes correspond to nanochannels. They are connected to the microscale reservoirs. An SEM image of these silica nanochannels is also shown in the right inset of Figure 2a . We filled these nanochannels with a solution of fluorescent probes. They were unidirectionally transported with electroosmotic flow [32] [33] [34] [35] as shown in Figure 2b . After filling one reservoir with fluorescent molecules (diluted in PBS buffer -see methods -electro-osmotic flow) capillary force transported the fluid to the other reservoir. A relaxation time of 30 s was given to avoid development of trapped air bubbles, and then only, the second reservoir was filled. Two 100 µm thick platinum electrodes were immersed into the PBS filled reservoirs (supporting information Figure S1 ), and an electric field was applied along the nanochannel (supporting information Figure S1 and S4 -electrode integration with the nanofluidic device). In Figure 2c The in-time and out-time of flowing single molecules within detection volumes were correlated using two APDs of 2fFCS (Figure 2b ). 25 The diffraction limited two foci of 2fFCS were 40 MHz pulsed interleaved excitation. The two foci were partially overlapping with each other. They were generated using a Nomarski prism, a 100× 1.49 NA of oil immersion objective, and two linearly polarised lasers perpendicular to each other. An x-y-z piezo-scanner was used to acquire scan images and point measurements of photon counts. To restrict unwanted surface adsorption of single molecule, we used fluorescent molecules carrying the same charge as the nanochannels' wall. Pure silica is negatively charged above its isoelectric point (pH(I) = 2).
36,37 A buffer of pH 8.5 was used to increase the negative charges on the walls of silica nanochannels. The condition was suitable to flow negatively charged molecules without being adsorbed. We chose carbon-nanodots (CND) as the first probe of interest. They are <2 nm in size 23 and negatively charged (see supporting information Figure S5 ). A confocal scanned image was recorded along the x-y plane when CNDs were flowing inside nanochannel. In the schematic top-view of the nanochannels in Figure 3a -dark lines are the nanochannels. They were filled with carbon-dots (Figure 3b ). The pixel size (p a ) of the image is 320 nm with dwell time (δt) of 5 ms. To record this focused z plane in Figure 3b , we performed a y-z scanned image and went to the position, where the count-rate was maximum. The scheme of y-z piezo-scan is shown in Figure 3c and f. An ascending concentrations of aqueous CND soluions were used. In Figure 3d to g, the volume percentage of CNDs in water relative to its stock solution are 1%, 2%, 5%, and 50%, respectively. Here, p a is 100 nm and δt is 2 ms. The applied electric field to induce electro-osmotic flow during the measurement was 15 V/mm. As the concentration of CNDs increased, the fluctuations of the photon signal decreased due to increasing rate of CNDs arrival in the focal volume (Figure 3d -g ).
Time-correlated analysis of photon counts was carried out to investigate flow velocities of single molecules. These measurements were carried out at the highest photon counted points of y-z scanned PSFs. Prior to performing every 2fFCS measurement, a y-z scan was taken as shown in Figure 4 . To substantiate that our method is not restricted to a particular fluorescent probe, we performed 2fFCS of Atto 488 dye (see supporting information for a control measurement of diffusion Figure S6 ) and 48 base-pair of DNA labelled with single Alexa-647 fluorophore (purchased from IBA GmbH, Göttingen, Germany). The electrolytic aqueous buffer solution used for the electrosmostic flow is detailed in the Method section. We measured the flow velocities of single DNA molecules inside 1D nanochannel within a range of applied electric field from 27 V/mm to 300 V/mm (see supporting information Figure S7 ). These measurements were performed inside a nanochannel with d nc of 30 nm.
The correlated photon counts provide two autocorrelations for two foci, and one forward and one backward cross-correlation between them. 26, 27 A difference should be observed in two cross-correlations due to a unidirectional flow profile as shown earlier by Arbour and Enderlein. 27 The correlated data points from 2fFCS are fitted with the Fokker-Planck equation To confirm whether the photon used in 2fFCS were from aggregates of single molecules, photon burst sizes of molecular transits were analysed. 39 Burst size distribution (BSD) of the complete time trace for a flow measurement is shown in Figure 4c . The complete time trace used in the BSD analysis is shown in the inset. We fit the BSD with Poisson distributions.
The first peak is due to the single molecule bursts, and the second is due to multiplemolecule-events as observed by Enderlein et al. 39 Multiple-molecule-events occur when more than one molecule transits through focus in close succession that the detectors cannot resolve the temporal discretisations between two or more molecules. This process-flow is schematically described in Figure 1a . After the RIE treatment, the left-over PMMA (mask-region) was removed with acetone, piranha, and oxygen RIE.
SAEBD: SAEBD was performed using a Leybold Univex 350 e-beam evaporation system purchased from Oerlikon Leybold Vacuum GmbH, Cologne, Germany. The vacuum pressure inside the chamber while evaporation was 1 × 10 −6 mbar. The dicing system used to crosssection the silicon wafers was Disco Dad 320 purchased from Disco Corporation, Tokyo, Japan. The diamond blade used in the system was ZH05-SD2000-N1-70 (Disco Corporation, Tokyo, Japan).
FIB: FIB used here is Nova NanoLab 600 DualBeam purchased from FEI Company, Hillsboro, USA. The protection layer of platinum was deposited in two separate growth rates.
At the interface of Ti-2 we used 1 pA current for the deposition to achieve an uninterrupted and atomic interface. The top most surface (Pt-4) was grown at fast deposition rate because this surface is the first interacting surface with FIB dissipating majority of the damaging ionic bombardments. To avoid any damage at the region of interest, ion beam was created with 1 pA current at system vacuum of 1.5 × 10 −6 mbar. Buffer: Electro-osmotic flow was performed using 300 pM of 48 base-paired DNA (11 nm long) tagged with Alexa647 was diluted with Tris Buffer and 30%Glycerol with pH of 8.5.
Supporting Information
The supporting information contains the description of integrating the nanochannels to electrodes, design of the nanofludic device, carbon nanodots cation-pi interaction behaviour, 
